MgB 2 grains were coated with metal nanoparticles (Ag, Zn and Sn) using the barrel sputtering technique, and transport and superconducting properties were evaluated. Almost all MgB 2 grains were uniformly coated with metal nanoparticles with average diameters of less than 20 nm. The electrical resistivity of the coated MgB 2 decreased as the amount of metal coating increased. The critical current densities of almost all coated MgB 2 were enhanced compared to those of bare MgB 2 . These results explained the improvement of intergranular connectivity between MgB 2 grains by the insertion of metal nanoparticle in grain boundaries. After annealing at 473 K, only MgB 2 coated with Sn nanoparticles showed a decrease in electrical resistivity and the enhancement of the critical current density. These results can be understood by the effect of improvement of intergranular connectivity between MgB 2 grains by annealing.
Introduction
The superconductivity of MgB 2 has gained considerable attention since its discovery in 2001.
1) MgB 2 exhibits a higher superconducting transition temperature (39 K) than other metallic superconductors; thus, the application of MgB 2 to superconducting wire has been studied intensively. 2, 3) Superconducting wires are usually prepared by the powderin-tube (PIT) method; the MgB 2 powder is introduced into metallic tube, and the tube is subjected to a rolling process to produce the wire. In the PIT process, annealing often improves connectivity between MgB 2 grains because the degree of connectivity affects their superconducting properties, such as critical current density (J c ).
410) However, relatively high annealing temperatures (9001100 K) are usually employed to improve connectivity.
2) Therefore, the ability to improve connectivity without annealing or with a lower annealing temperature is necessary for the practical application of MgB 2 .
A method for improving connectivity is the addition of metal, which behaves like glue, between each MgB 2 grain. Tachikawa et al. reported that adding Ag or Sn metals to MgB 2 powder improved connectivity between MgB 2 grains without annealing. 9, 10) Moreover, they also reported that future improvement was observed by annealing at a moderate temperature of 473 K. These results ascribed that metal addition linked MgB 2 grains, thus improving connectivity. This method seems to be effective to the preparation of superconducting wires. However, 10 vol% of In or Sn was necessary to obtain a suitable composite MgB 2 /metal because the metal was utilized not only for grain linkage but also to fill the space between grains. For industrial application, the amount of additional metal must be kept to a minimum to maintain reasonable production costs. If all MgB 2 grains are uniformly coated by metal thin film or nanoparticles, the metal will be inserted into all boundaries between MgB 2 grains. As the result, the metal that is only utilized for grain linkage is expected to reduce the amount of metal required in previous reports. 9, 10) Several techniques have been developed to coat powder particles with a metal layer.
1115) Among these, the barrel sputtering technique is a candidate for uniform coating of MgB 2 powder with a thin metal layer. It has been proven that powdered materials are modified by various metal thin films or nanoparticles.
1520) In addition, since the barrel sputtering technique is based on the sputtering process, products of any impurity phase, such as metal oxides, some organic solvents and reacted phases between MgB 2 and coated metal, are avoided.
To improve connectivity between MgB 2 grains by addition of metal in grain boundaries, we investigated the coating of MgB 2 powder with metal layer using the barrel sputtering technique. Since soft metals are suitable, 9, 10) Ag, Zn and Sn were selected as the coating metal. MgB 2 and Ag, Zn and Sn systems have been previously reported in several studies; however these studies focused on MgB 2 and metal alloys such as (Mg 1¹x A x )B 2 (A = Ag, 2129) Zn 3036) and Sn 3740) ). There are rather a few studies on the superconducting properties of MgB 2 mixed with metals without alloying. 9, 10) In this paper, using prepared MgB 2 powder coated with metallic Ag, Zn or Sn, the structural, transport and superconducting properties of composite MgB 2 /metal were evaluated. Moreover a portion of the composite MgB 2 /metal was annealed at a moderate temperature. In addition, its transport and superconducting properties were evaluated. From these results, the effect of adding metal between MgB 2 grains on transport and superconducting properties is also discussed.
Experimental Procedures
MgB 2 powder (purity: 99%, 100 mesh) was purchased from Rare Metallic Co. Ltd. The powder was ground under Ar atmosphere to break aggregated particles. The barrel sputtering system was used to coat the MgB 2 powder with Ag, Zn and Sn. Details of the barrel sputtering system have been described elsewhere. 1520) Ag, Zn and Sn metal plates were purchased from Toshima Manufacturing Co. Ltd. as target materials (purity: 99.9%). The MgB 2 powder (approximately 4 g) was introduced into a hexagonal barrel. A hexagonal steel column (90 mm in length) was also introduced into the barrel to accelerate the stirring of the MgB 2 powder. The barrel was placed in the vacuum chamber of the system. The air in the chamber was evacuated by rotary and oil diffusion pumps at a pressure of less than 8.5 © 10 ¹4 Pa. Argon gas was then introduced and the pressure was maintained at 1.0 Pa prior to metal deposition. Subsequently, deposition was performed by sputtering at a supplied RF power of 100 W for 1.0 and 2.0 h. During deposition, the barrel was oscillated at 4 rpm at amplitude «67.5°. After sputtering, nitrogen gas was carefully introduced up to atmospheric pressure, and the coated MgB 2 powder was extracted.
X-ray diffraction (XRD) and X-ray fluorescence analyses of the powder coated with metal layers were performed using a Philips X'pert system and a Philips PW2300 spectrometer equipped with the UniQuant program, respectively. The surface structure of the coated MgB 2 powder was observed using a scanning electron microscope (SEM, JSM-6701F, JEOL). To obtain pellets, the coated MgB 2 powder was pressed at 1108 MPa. The pellets were 14 mm in diameter and 1 mm in thickness. The Vickers microhardness of the pellets was measured using a microhardness testing machine (HM-103, Mitutoyo Co.). The prepared pellets were cut to 1 mm © 2 mm © 7 mm and 1 mm © 1 mm © 4 mm for resistivity and magnetic property measurements, respectively. Part of the pellet was covered by Ta film and annealed at 473 K under Ar flow. The electrical resistivity was measured using PPMS-9 (Quantum Design, Inc.) and the four-probe dc method. The electrical current was constant at 5 mA, and the electrical resistivity was measured at temperatures from 2 to 300 K. The magnetic properties were measured using MPMS-7 (Quantum Design, Inc.). Magnetization curves were measured in a field from ¹70 kOe to 70 kOe at 5 K.
Experimental Results and Discussion

Characterization of the coated MgB 2 powder
The sputtering time, target metal and the weight and volume ratio of metal coating layers to MgB 2 core are summarized in Table 1 . Each prepared sample was labeled as M(t), where M is the target metal and t is the sputtering time. The amount of metal was proportional to the sputtering time for each target material. The maximum volume ratios of the metal were less than 6 vol%, which is half that used in previous studies. 9 ,10) Figure 1 shows the XRD patterns of each coated MgB 2 powder and that of bare MgB 2 powder for comparison. The XRD pattern of the bare MgB 2 powder indicates a hexagonal crystal structure with lattice constants of a = 0.3087 and c = 0.3523 nm, which conform to previously reported values. 41) A small amount of MgO phase was detected; also, a rather small peak assigned to MgB 4 phase was observed.
All coated MgB 2 powder showed an XRD pattern similar to that of the bare MgB 2 powder. The diffraction angle and full width at half maximum of peaks assigned to MgB 2 did not change by metal coating, indicating that the sputtering process did not affect the MgB 2 grain. Additional peaks assigned to Ag, Zn and Sn appeared in each XRD pattern and no metal oxide phase was identified, implying that metallic Ag, Zn and Sn were deposited onto the MgB 2 powder. The peak intensities of these metals increased with sputtering time, which reflects the amount of metal as indicated in Table 1 . Effects of Metal (Ag, Sn and Zn) Nanoparticles Inserted into MgB 2 Grain Boundaries on Transport and Superconducting Properties Figure 2 shows typical SEM images of the surface of the bare and coated MgB 2 powder. As displayed in the top row (low magnification images), the bare MgB 2 powder consisted of larger particles with a diameter less than or equal to 30 µm and small particles with an average diameter of 4 µm. Size distributions of each coated MgB 2 powder, Ag(1h), Zn(1h) and Sn(1h) samples, were similar to those of the bare MgB 2 , indicating that the size distribution of the core MgB 2 particles did not change by sputtering process. The highly magnified images of the surfaces of MgB 2 grain are displayed in the bottom row of Fig. 2 . The bare MgB 2 grain showed a flat surface, while the coated MgB 2 grains showed a rough surface; this difference resulted from the deposition of metal nanoparticles on the surface of the MgB 2 grains. Nanoparticle shape and size distributions were different for each sample. For Ag(1h), the surface was uniformly and densely covered by small spherical nanoparticles. Polygonal nanoparticles appeared for Zn(1h), and each nanoparticle appeared to be stacked on the surface of the MgB 2 grain. An almost spherical shape appeared for Sn(1h), and their sizes varied more than those of Ag(1h). The nanoparticles of Sn(1h) were sparsely distributed on the surface. The average diameters of the metal nanoparticles were 5, 17 and 12 nm for Ag(1h), Zn(1h) and Sn(1h), respectively. Figure 3 shows the electrical resistivity (µ) of the bare and coated MgB 2 plotted against temperature. All samples showed an abrupt decrease in µ at approximately 38 K, which almost corresponds to the superconducting transition temperature. The onset temperature (T onset ) at which µ starts to decrease and the offset temperature (T R0 ) at which µ = 0 are summarized in Table 2 . T onset of the coated MgB 2 were shifted to a temperature approximately 1 K higher than that of the bare MgB 2 , while T R0 of the coated MgB 2 clearly shifted to higher temperature by metal coating, except for Ag(2h). In other words, the resistivity drop related to the superconducting transition became sharp by metal coating. Similar trends for T onset and T R0 were reported previously; the increase in excess Mg in MgB 2 resulted in sharper superconducting transition. 4) Accordingly, the addition of metal contributed to the sharper resistivity drop at superconducting transition.
Transport and superconducting properties of pressed MgB 2 after coating
MgB2
Ag(1h) Zn(1h) Sn(1h) The effect of metal coating clearly appeared on the electrical resistivity in normal state; the resistivity at temperatures above the superconducting transition temperature decreased with increasing in the amount of metal coating, as shown in Fig. 3 . To evaluate the change in the normal state resistivity, the resistivity just above the superconducting transition temperature (µ 40K ) and at room temperature (µ 300K ) for each sample was determined. The results are summarized in Table 2 . The µ 40K and µ 300K values of the coated MgB 2 were lower than those of the bare MgB 2 sample, and the µ 40K and µ 300K values decreased with increase in the amount of metal coating. On the other hand, the temperature dependence of resistivity (¦µ = µ 300K ¹ µ 40K ) did not show clear variation by metal coating. These results are interpreted as follows. In general, electrical resistivity arising from bulk imperfection, such as crystal defect, grain boundary and impurity phase, which does not largely depend on temperature, and the temperature dependence of µ is mainly ascribed to phonon scattering. From XRD measurement, MgB 2 grain did not change in the sputtering process; therefore, we interpreted that the decrease in resistivity at the normal state by metal coating is only due to the improvement in intergranular connectivity between MgB 2 grains. It was noted that, for MgB 2 coated with a higher amount of metal, Ag(2h), Zn(2h) and Sn(2h), the temperature dependence of resistivity from 40 to 300 K indicated a linear relationship rather than a power law. The temperature dependence of resistivity for Ag, Zn and Sn metal generally shows a linear relationship from 40 to 300 K. Accordingly, the change in the temperature dependence suggests that the main electrical path gradually shifted from MgB 2 grain to the metal layers with an increased amount of metal coating.
Microhardness (Hv) of each pressed MgB 2 sample was evaluated; the results are shown in Fig. 4 . The vertical axis indicates Hv, and the horizontal axis represents the weight percentage of the deposited metal. The coated MgB 2 showed larger Hv values than that by bare MgB 2 , and it increased with the amount of the metal. These results indicated that the metal on MgB 2 grain acted as adhesive between MgB 2 grains by the deformation of metal nanoparitcles, which was consistent with the improvement in the intergranular connectivity by metal coating, as described above. It should be noted that Hv showed a saturation behavior at higher amounts of deposited metal, as indicated by the dotted line in Fig. 4 . This behavior probably means that the amount of deposited metal in this experiment is sufficient for making firm contacts between MgB 2 grains.
From magnetization measurements at 5 K, the J c of the bare and coated MgB 2 were estimated using an extended Bean model. 42, 43) Figure 5 shows the dependence of J c on magnetic field for the bare and coated MgB 2 . The J c value of the bare MgB 2 was 1.13 © 10 4 A/cm 2 at 2.5 kOe and decreased monotonically with increasing magnetic field. The J c values for all coated MgB 2 , except Sn(2h), were slightly larger than those of the bare MgB 2 at a lower magnetic field. For example, the J c value of Zn(2h), which was maximum within all coated MgB 2 , was 1.5 times that of the bare MgB 2 . Similar enhancement of J c values have been reported previously; 9, 10) however the previously reported enhancement factor was relatively large. In previous reports, 9, 10) the metal added to MgB 2 not only improved the intergranular connectivity between MgB 2 grains but also increased the packing factor for MgB 2 /metal composite. In this study, the metal on MgB 2 grains only improved the intergranular connectivity between MgB 2 grains. Accordingly, these J c enhancements appeared only as a result of improved intergranular connectivity between MgB 2 grains by metal coating; thus, the enhancement factor obtained in this study was relatively small. The density of the composite MgB 2 /metal is also an important factor to improve the superconducting properties. It was noted that the J c values obtained in this study are significantly small than reported values, which were approximately in the order of 10 5 A/cm 2 . This result was due to the lower MgB 2 density in pressed MgB 2 .
44)
The Zn nanoparticle seems to be more effective on J c than Ag and Sn nanoparticles. This trend is consistent with that of the electrical resistivity at normal state, supporting that the improvement in intergranular connectivity between MgB 2 grains contributes to the J c enhancements. In addition, the Zn(1h) and Zn(2h) exhibited enhancement of J c values at a magnetic field above 40 kOe, suggesting that Zn nanoparticles at the grain boundary are more effective in enhancing a pinning force than Ag or Sn nanoparticles. Hardness, Hv / -Deposited material, x / mass% Fig. 4 Vickers microhardness against the amount of metal on MgB 2 grains. The dotted line is provided to guide the eye.
Effects of Metal (Ag, Sn and Zn) Nanoparticles Inserted into MgB 2 Grain Boundaries on Transport and Superconducting Properties
The J c value of Sn(2h) only decreased compared with that of the bare MgB 2 . This was possibly due to the size of the metal nanoparticles. From SEM measurement, the Sn nanoparticles showed large size distribution; the size of the larger Sn nanoparticles was 3040 nm. The diameters of the Sn nanoparticles are greater than the coherent length; consequently, the Sn nanoparticles probably interrupt the superconducting current.
3.3 Transport and superconducting properties of the coated MgB 2 sample after annealing Several coated MgB 2 were annealed at 473 K in Ar gas. Ag(1h), Zn(2h) and Sn(1h) samples were selected for annealing because these showed greater values of J c without annealing. Each XRD pattern obtained is shown in Fig. 6 . The diffraction pattern of the annealed Ag(1h) and Zn(2h) samples were almost the same as those before annealing, while an additional peak at approximately 2ª = 30°appeared in the XRD pattern of the annealed Sn(1h) sample, and the intensity of the peak assigned by metallic Sn decreased. The additional peak was assigned to SnO, indicating that the surface of the Sn nanoparticles was oxidized, and the oxide was aggregated by annealing. The surfaces of the Ag and Zn nanoparticles may have been oxidized; however, these oxides were not detected by XRD measurements. These differences are related to different melting temperatures of each metal. The melting temperature of Sn is 505 K, which is lower than those of Ag (1235 K) and Zn (693 K). Therefore, at 473 K, only part of the Sn nanoparticles melt, and the Sn oxide can be aggregated easily.
The electrical resistivity and J c values of the annealed Ag(1h), Zn(2h) and Sn(1h) samples are shown in Figs. 7(a) and 7(b), respectively. The µ 40K and µ 300K of Ag(1h) and Zn(2h) samples increased by annealing; in contrast, those of Sn(1h) sample decreased. On the other hand, the J c value of Sn(1h) was enhanced by annealing; however those of Ag(1h) and Zn(2h) were lowered by annealing. J c seems to be enhanced with decreasing µ 40K and µ 300K , suggesting that the improvement in intergranular connectivity by annealing contributes to the J c enhancement. In addition, the appearance of SnO may have contributed to the enhancement of the J c value because the superconducting properties of MgB 2 were reportedly improved by adding Co 3 O 4 nanopowder or MgO.
4547) The contribution of Sn oxide to superconducting properties is unclear in this study; therefore, detailed experiments are required to clarify the effect of the annealing on superconducting properties of coated MgB 2 . Accordingly, the annealing of the coated MgB 2 with Sn nanoparticles acts on the enhancement of J c even at lower annealing temperature.
Conclusions
The MgB 2 powder was coated with metal nanoparticles (Ag, Zn and Sn) by the barrel sputtering technique. Each MgB 2 grain was uniformly coated with metal nanoparticles, and the volume fraction of metal nanoparticles was less than 6 vol%. The XRD analysis revealed that the metal nanoparticles did not react to the core MgB 2 . The metal nanoparticles with a diameter of less than 20 nm uniformly dispersed on the surface of MgB 2 grain. The superconducting transition temperature obtained from resistivity measurement did not change by metal coating, while the resistivity in normal state decreased clearly by metal coating. These results indicated that metal coating improved intergranular connectivity between MgB 2 grains. The microhardness measurement supported the improvement in connectivity between MgB 2 grains by metal coating. For almost all samples, the J c values estimated from magnetization measurements were slightly enhanced by metal coating. The trends of J c were similar to that of electrical resistivity at normal state, indicating that the enhancement of J c resulted in the improvement in intergranular connectivity between MgB 2 grains. Several samples were annealed at 473 K, and transport and superconducting properties were evaluated. The electrical resistivity of the annealed Sn(1h) sample decreased, but those of the annealed Ag(1h) and Zn(2h) samples increased in comparison with that before annealing. The J c value was enhanced only for the Sn(1h) sample. A simple explanation is that these results are also clarified by the improvement of intergranular connectivity at the grain boundary. Effects of Metal (Ag, Sn and Zn) Nanoparticles Inserted into MgB 2 Grain Boundaries on Transport and Superconducting Properties
